Lackermann, K. V., Conley, S. P., Gaska, J. M., Martinka, M. J., and Esker, P. D. 2011. Effect of location, cultivar, and diseases on grain yield of soft red winter wheat in Wisconsin. Plant Dis. 95:1401Dis. 95: -1406 Knowledge is limited about the impact of foliar diseases on wheat yield in Wisconsin. The objective of this study was to compare yield and diseases of wheat cultivars in several locations in Wisconsin in 2009 and 2010. Thirty-six wheat cultivars were planted in a randomized complete block design at field sites near Arlington, Chilton, and Lancaster, WI. At a fourth location, Janesville, WI, the design was a split plot with foliar fungicide application at Zadoks growth stage (GS) 45 at the whole-plot level and cultivar at the subplot level. Disease assessments were made four times during the growing season for powdery mildew (PM), Septoria/Stagonospora leaf blotch (SLB), and leaf rust. Incidence and severity of Fusarium head blight were assessed on 100 heads per plot at GS 85. Linear mixed-model analyses were used to study the effects of location, cultivar, and disease on grain yield (α = 0.05). Overall, SLB and PM were the most prevalent diseases. SLB severity was uniform among locations and PM was most prevalent at Arlington and Chilton. In both years, yield was affected by location, cultivar, location-cultivar interaction, and location-SLB and location-PM interactions. Yield was also negatively affected by PM in 2010. No effect of fungicide on disease severity or yield was observed at Janesville in either year. These results suggest that cultivar selection and location strongly influence grain yield in Wisconsin and that powdery mildew is capable of reducing grain yield.
Common wheat (Triticum aestivum L.) is a staple crop for 40% of the world's population and is planted on 200 million ha worldwide (2) . Annually, global yield losses due to wheat diseases in the field or in storage are estimated to be 20% (2) . Although the total wheat production area is unlikely to increase in the future, increases in global population will necessitate higher wheat yields per unit area (2) . Reducing yield loss due to disease may be a key component in this effort. In Wisconsin, soft red winter wheat production has more than doubled over the past 10 years in response to increasing value and greater worldwide demand (24) . Although wheat diseases are known to occur within the state, little is known about the impact of disease on yield and growers lack a comprehensive management strategy for control of wheat diseases. Given the geographic diversity of Wisconsin's wheat production areas, it is hypothesized that there are differences in cultivar response to disease across these different locations. An understanding of these interactions between cultivar and location is critical to determine the factors that affect disease development and impact yield.
In Wisconsin, winter wheat has a fairly limited acreage; as a result, research on this crop has been limited. However, because Wisconsin differs both geographically and climatically from other growing areas of the United States, information about wheat diseases collected in these other areas may not be directly applicable in Wisconsin. Furthermore, due to the diversity of wheat-growing regions within Wisconsin, it is likely that results will differ among regions. For this reason, it is critical that research is conducted in the state and that it is done at multiple locations.
In Wisconsin, the primary foliar diseases of interest include powdery mildew (Blumeria graminis (DC.) Speer; syn. Erysiphe graminis f. sp. tritici E.J. Marchal), wheat leaf rust (Puccinia triticina f. sp. tritici Roberge ex Desm.), and the Septoria/Stagonospora leaf blotch complex (SLB) (Septoria tritici Desm. and Stagonospora nodorum (Berk.) E. Castell. & Germano). Each of these foliar pathogens can infect wheat and cause disease throughout the growing season and all may affect the flag leaf shortly after its emergence (Zadoks growth stage [GS] 37). The heading disease of greatest concern is Fusarium head blight (FHB; Fusarium graminearum Schwabe).
Management of wheat diseases is primarily focused on the use of resistant cultivars and the application of foliar fungicides (17, 25) . Efficacious use of foliar fungicides requires information about disease incidence and severity, in combination with knowledge of both the disease resistance characteristics of the cultivar and the different pathogen life cycles, and an understanding of the economic costs and benefits of fungicide application (28) . Although a great deal of research has been done on wheat diseases, currently there is minimal information available about the impact of diseases on the wheat cultivars commonly planted in Wisconsin or about the role of fungicides for disease management in the state. It has been demonstrated that, when growers lack information on actual yield losses caused by the major wheat diseases, they are unable to make firm economic and agronomic decisions regarding disease management (20, 28) .
Although there is extensive research on the interaction of cultivar and environment and their effect on yield (1, 18, 29) , very little is known about the quantitative impact of wheat diseases on grain yield, especially in Wisconsin. Due to the emphasis placed on yield performance by both growers and wheat breeders, it is important to understand the effect of disease on grain yield. Therefore, the objectives of this study were to (i) assess the occurrence and severity of wheat diseases in the primary winter-wheat-growing regions of Wisconsin and (ii) determine the effects of location, cultivar, and disease on grain yield. four locations in Wisconsin: Arlington (43°18.1′ N, 89°20.4′ W), Chilton (44°2.5′ N, 88°8.3′ W), Janesville (42°43.6′ N, 89°1.5′ W), and Lancaster (42°50.5′ N, 90°48.1′ W) ( Table 1) . These locations represent a range of production situations in Wisconsin. For example, the distance from Lancaster to Chilton is approximately 260 km. Lancaster is located in the driftless area of Wisconsin and most fields are cropped on contour strips due to relatively steep slopes. The Chilton location is a seed production farm that has greater crop diversity than Arlington and Janesville, where wheat fields are sown into areas that are typically a three-crop rotation of corn-soybean-wheat.
At three locations (Arlington, Chilton, and Lancaster), the experimental design was a randomized complete block design with four replications. At Janesville, the experimental design was randomized complete block in a split-plot arrangement with four replications. The whole-plot factor was foliar fungicide and the subplot factor was wheat cultivar. The foliar fungicide treatment was either no fungicide or Quilt (azoxystrobin and propiconazole; Syngenta Crop Protection, Inc., Greensboro, NC; 1.02 liters active ingredient/ha with H 2 O at 140.3 liters/ha) applied at GS 39.
Plots measured 2.4 m wide (0.19-m row spacing) by 7.6 m long, with seven center harvest rows and two nonharvest border rows. Fields were seeded at 3.7 million viable seeds per hectare using a grain drill with cone units. The center seven rows were harvested using a self-propelled combine. Soil type, previous crop history, and planting, flowering, and harvest date information for each location are provided in Table 1 .
Performance trials consisted of both public and private cultivars and experimental lines submitted by small-grain breeders ( Table  2) . Over the 2 years of study, there were 36 cultivars planted at all locations.
Foliar disease assessments. Foliar disease assessments were made four times each growing season: GS 30 (jointing), GS 31-32 (first and second node), GS 39-41 (flag leaf emergence), and GS 60 (heading). Dates for all assessments are provided in Table 3 . In 2009, three stems were arbitrarily selected and destructively sampled from both the left and right border rows within each plot (n = 6). All plant samples were kept at 4°C and rated within 4 days. In 2010, disease assessments were made directly in the field on six arbitrarily selected stems from the border rows in each plot. Assessments were made in border rather than harvest rows because the requirements of the Performance Tests prohibited damage or disruption of the plants in the harvest rows.
Two measures were obtained per stem for each leaf disease. Incidence was based on the presence or absence of symptoms and signs on an individual stem (n = 6 stems per plot) and severity was based on the percentage of each leaf area exhibiting symptoms or signs (0-to-100 scale, by leaf). The leaves that were assessed changed as the growing season progressed (6, 19) . At GS 30, disease severity was assessed only on the newest emerged leaf whereas, at GS 31-32, disease severity was assessed on the upper three leaves (flag-1, flag-2, and flag-3). For both the GS 39-41 and GS 60 assessments, disease severity was assessed on the upper four leaves (flag, flag-1, flag-2, and flag-3).
A weighted disease severity score was calculated for each stem (modified from Lipps and Madden; 20) as weighted disease severity = (4 × severity on flag leaf) + (3 × severity on flag-1 leaf) + (2 × severity on flag-2 leaf) + (severity on flag-3 leaf). A weighted value was used to account for the greater contribution to final grain yield made by the upper leaves compared with lower leaves (6, 14, 26) . The weighted severity values from each of the four assessment timings were used to calculate the area under the disease progress curve (AUDPC) value based on the methods of Madden et al. (22) . Time intervals were defined as the number of days between assessments.
FHB disease assessments. Incidence and severity of FHB were assessed at GS 85 (soft dough). Assessment dates are provided in Table 3 . Assessments were done on 50 consecutive heads from each border row for a total of 100 heads per plot. Wheat heads were visually assessed in the field for the presence or absence of FHB (incidence) as well as the percentage of each head with visual symptoms (severity). From these two measures, an FHB index (FHBI) was calculated for each plot as FHBI = (percent incidence × percent severity)/100 (5). FHBI is a measure of the mean percentage of symptomatic spikelets per spike (23) . Following harvest, the percentage of Fusarium-damaged kernels (FDK) was assessed for a 200-kernel sample for each plot. The percentage of FDK is a measure of the number of visibly shriveled and diseased kernels. Loss of plots due to winterkill and other factors in 2009 and 2010. During the 2009 growing season, there was significant stand loss due to winterkill at both Arlington and Chilton. Criteria used to exclude plots for disease assessments were if the level of winterkill was greater than 50% or if the amount of stand loss in the border rows would limit the ability to obtain a reliable estimate of disease incidence and severity. To account for winterkill-associated stand loss at Arlington and Chilton, plot yield values were adjusted based on an analysis of covariance, which used percent survival in each plot as a covariate (8, 21) .
In 2010, the Janesville location was planted later than other trial locations due to a late corn and soybean harvest (Table 1 ). Stand quality was variable during the spring and, as a result, plots with greater than 50% stand loss were not included in any data analyses.
Statistical analyses. To determine whether there were critical assessment times that best correlated with yield, analyses were conducted to examine different leaf disease severities with grain yield at each assessment time. All correlations were calculated in SAS using PROC CORR (v. 9.1.3; SAS Inc., Cary, NC). Within each location, separate correlations were calculated for each disease with grain yield-assessment time. For the leaf diseases, correlations used the weighted severity values calculated from each of the four foliar assessment timings.
To determine whether there was an effect of location, cultivar, and disease (AUDPC or FHBI value) on wheat grain yield, linear mixed-model analyses were conducted using PROC MIXED in SAS. Separate models were used to look at the effect of each disease (SLB, leaf rust, powdery mildew, and FHBI value) on grain yield. Disease data were either log-transformed (SLB and FHBI, 2009 and 2010; powdery mildew, 2009) or square-root transformed (powdery mildew, 2010). For these analyses, cultivar and location were considered as fixed effects, disease data (AUDPC or FHBI) were considered as continuous covariates, and block was considered to be a random effect. Fungicide-treated plots from Janesville were excluded from all analyses that examined the effect of location. Additionally, only those cultivars (n = 36) included in both 2009 and 2010 were examined. Separate analyses were done for 2009 and 2010. Mean comparisons of fixed effects were based on Fisher's protected least significant difference. The level of significance for all analyses was 0.05.
A single site analysis was also done for the data from Janesville to examine the effect of fungicide on grain yield. For this analysis, cultivar and fungicide were considered fixed effects, disease data (AUDPC) were considered as continuous covariates, and block was considered a random effect. As in the multilocation analysis, individual analyses were done for each disease and for each year (2009 and 2010). The level of significance was 0.05.
Results

Weather conditions and grain yield over sites and years.
Monthly air temperature and precipitation data for May, June, and July are presented in Table 4 . In general, conditions were cooler in 2009, which extended the grain-fill period (Table 1 , harvest date).
Rainfall in 2009 was less than in 2010 and, although harvest dates were earlier in 2010 than in 2009, high rainfall amounts during late June into July 2010 delayed harvest dates at some locations.
Mean grain yield was similar between 2009 and 2010, with yields of 5.0 and 5.3 t/ha, respectively (Table 5 ). In 2009, grain yield was highest at Chilton and lowest at Janesville. In 2010, grain yield was highest at Arlington and lowest at Chilton. Within analyses that examined the effect of different wheat diseases on yield, it was also found that grain yield was affected by location, cultivar, and a location-cultivar interaction each year. Data for combinations of year, location, and cultivar are provided in Supplementary  Table 1 .
Correlations between disease and yield. Generally, correlations between weighted disease severity at each assessment time and yield were low (r < 0.4) for all diseases, although a few were significant (Table 6 ). At Chilton, SLB was negatively correlated with yield at GS 39 in both 2009 and 2010 (Table 6 ). Powdery mildew was negatively correlated with yield at Arlington (GS 39), Chilton (GS 31-32, GS 39, and GS 60), and Lancaster (GS 39) in 2010 (Table 6 ). Leaf rust was negatively correlated with yield at Lancaster in both 2009 and 2010, although the significant correlation was observed at GS 60 in 2009 and at GS 39 in 2010 (Table  6 ). However, not all significant correlations were negative. In 2009, SLB was positively correlated with grain yield at both Arlington (GS 31-32 and GS 39) and Chilton (GS 60) ( Table 6 ). In 2009, FHB was correlated with yield only at Lancaster, which had the highest levels of FHB. No significant correlations were found between FHB and yield in 2010, because FHB levels were very low at all sites. SLB. At all locations, severity of SLB was higher in 2009 than in 2010 (Table 5 ). In 2009, SLB severity was highest at Janesville and Arlington. In 2010, severity was highest at Arlington (Table 5 ). In 2009, there was both an effect of SLB on grain yield (P = 0.005) and an SLB-location interaction (P = 0.014) ( Table 7) . Slope values are presented in Table 8 and indicate flat or slightly positive relationships across locations. In 2010, there was an SLB-location interaction (P = 0.008; Table 7 ), because slope values were either slightly positive at Arlington (slope = 0.07) and Janesville (slope = 0.06) or slightly negative at Chilton (slope = -0.06) and Lancaster (slope = -0.05).
Powdery mildew. Powdery mildew severity was variable among locations, with the highest severity at Arlington and Chilton in 2009 and at Chilton in 2010 (Table 5 ). In 2009, there was an effect of the powdery mildew-location interaction on grain yield (P = 0.007; Table 7 ). Slope values varied by location, with either slightly negative slopes at Arlington (slope = -0.04) or Janesville (slope = -0.02) or slightly positive at Chilton (slope = 0.02) and Lancaster (slope = 0.01) ( Tables 7 and 8 ). In 2010, there was a significant effect of powdery mildew on grain yield (P = 0.0002; Table 7 ). The highest powdery mildew severity in either year was observed at Chilton, where there was a significant negative effect of powdery mildew on yield (slope = -0.23; Tables 5 and 8 ; Fig. 1 ). Due to a significant interaction effect between location and powdery mildew (P = 0.003), there were different and smaller negative relationships between powdery mildew and grain yield at Arlington (slope = -0.003), Janesville (slope = -0.003), and Lancaster (slope = -0.07) ( Tables 7 and 8 (Table 5) . There was an effect of FHBI value on grain yield in 2009 (P < 0.0001) and a location-FHBI interaction (P = 0.017; Tables 7 and 8) .
Leaf rust severity was higher in 2009 than 2010 at all locations (Table 5 ). However, there was no evidence of an effect of leaf rust on grain yield in 2009 (P = 0.823) or in 2010 (P = 0.467).
Effect of fungicides on disease severity and grain yield. In both 2009 and 2010 at Janesville, conditions for disease development were less favorable and, in general, disease severity was considered low compared with other locations (Table 5 ). There was no evidence of an effect of foliar fungicide on either AUDPC or grain yield at Janesville in 2009 and 2010 (P > 0.05). sample sizes were Arlington, n = 50; Chilton, n = 51; Janesville, n = 142; and Lancaster, n = 141. In 2010, sample sizes were Arlington, n = 144; Chilton, n = 144 or n = 134 (yield); Janesville, n = 129 or n = 125 (yield); and Lancaster, n = 144 or n = 141 (yield). a Foliar diseases include Septoria/Stagonospora leaf blotch complex (SLB), powdery mildew (PM), and leaf rust (LR). Correlations were calculated using weighted disease severity values for each disease at each of four assessment times. The first assessment time was at Zadoks growth stage (GS) 30 (jointing), the second was at GS 31-32 (first and second node), the third was at GS 39 (flag leaf emergence), and the fourth was at GS 60 (heading). Four measures of FHB were included in the correlations: percentage of Fusarium-damaged kernels (FDK), FHB incidence, FHB severity, and FHB index (the percentage of symptomatic spikelets per spike). FHB data were collected at GS 85 (soft dough). b Correlations were performed using Pearson's correlation method. Only those correlations that were significant at α = 0.05 are shown. 
Discussion
Disease, location, and cultivar have all been shown to influence wheat grain yield (1, 12, 27) . All of these factors were found to have an effect on grain yield in Wisconsin in 2009 and 2010. Powdery mildew was the disease with the greatest observed impact on grain yield. In 2009, the magnitude of the relationship between disease and grain yield was very small. By contrast, the effect of powdery mildew on grain yield was much larger at Chilton in 2010. This location had the highest powdery mildew severity of any location in either 2009 or 2010 (Table 6 ; Supplementary Table 1) . As a result, the powdery mildew resistance of cultivars at this location was more likely to be challenged than in other locations. To illustrate, when comparing 'Hopewell', which carries moderate resistance to powdery mildew, with 'Kaskaskia', which is susceptible to powdery mildew, there was a 5× difference in mean AUDPC (Supplementary Table 1 ). Similar checks were also noted for other wheat cultivars where information about resistance or susceptibility to powdery mildew was known. This large negative relationship is consistent with previous research that has shown that, at locations where powdery mildew is severe, losses upward of 40% can occur on susceptible cultivars (2, 10) . These data demonstrate that powdery mildew is capable of causing significant yield loss in Wisconsin, which fits well with previous research where there were yield responses to foliar fungicide application depending on whether the cultivar was resistant or susceptible to powdery mildew (unpublished). Although negative correlations were observed between disease severity and grain yield at some assessment times, there was no clear pattern to indicate critical points at which any of the diseases most strongly influence yield. This may be due to the relatively low disease severity in several locations in 2009 and 2010. The collection of data from additional locations with moderate or high disease severity may provide enough additional information to develop critical points for the diseases seen in Wisconsin. However, until more data about critical points become available, it may be necessary for Wisconsin growers to scout wheat fields throughout the growing season and to consider the cumulative progress of disease over the course of the season rather than disease severity at a specific time point when making management decisions.
Except for several comparisons for powdery mildew (see previous paragraph), it was difficult to clearly differentiate wheat cultivars based on location, disease, and yield using the methods applied here. Although differences among the cultivars for disease or yield (i.e., critical point assessments) would not be unexpected, the lack of any strong correlation suggests that a different method is needed to simultaneously examine disease and yield for a better understanding of cultivar performance in Wisconsin. Although there were no strong relationships observed between grain yield and SLB, leaf rust, or FHB, the results do suggest directions for future study. Results of our analyses on the effect of SLB on grain yield indicated either flat or positive slopes. It is difficult to draw specific conclusions about this result because previous research does not support such a response (2, 13) . Further research is needed to elucidate the relationship between SLB and yield in Wisconsin.
Interestingly, although the severity of leaf rust was high relative to other diseases in 2009, no effect of leaf rust on grain yield was observed in either 2009 or 2010. Leaf rust has been shown to be capable of causing significant yield losses, particularly when infection is severe on the flag leaf (11) . The absence of a significant effect suggests that leaf rust disease severity may not have exceeded the threshold for yield loss in 2009 or 2010. Additional research needs to be done to determine the thresholds for yield loss associated with this disease. Further work is also needed to determine whether there are critical times of leaf rust onset and to assess the risk of yield loss due to leaf rust in Wisconsin.
FHBI values were highly variable among locations, with the highest values observed at Lancaster in 2009 and Janesville in 2010. Although very large negative relationships were observed between FHBI and grain yield in 2009, FHB levels were extremely low in all location-years and it is likely that these results do not provide biologically relevant information about the impact of FHB on grain yield. Environmental conditions at the time of flowering are known to be important for the development of FHB because this is when the most damaging infections are initiated (2, 16) . For this reason, FHB epidemics tend to occur less commonly and are more highly dependent on local weather conditions during a specific time period than the foliar diseases. Future results obtained during an "epidemic year" may provide more insight into the importance of FHB in Wisconsin.
The most consistent factors determining grain yield in our trials appear to be cultivar and location. Given that growers tend to base their cultivar selections on yield characteristics, it is likely that breeding efforts have been focused on yield over other traits (3) . Within each location, there was significant variation in grain yield, with approximately 2 to 3 t/ha difference in yield between the highest-and lowest-performing cultivars (Table 5 ). Although this difference in yield is likely due largely to genetic differences among cultivars, the location-cultivar interaction effect observed in both 2009 and 2010 indicates that the combination of these two factors is also an important determinant of yield performance in Wisconsin (Supplementary Table 1 ).
In 2009, yields at Janesville were lower than at the other three locations. The reasons for this are uncertain; however, it is likely that a combination of physical and environmental factors were involved. Disease may also have been a small factor. For both SLB and powdery mildew, the relationship between disease and yield was slightly negative at Janesville in 2009. In 2010, both Chilton and Janesville had low yields compared with the other locations. As described above, powdery mildew was a significant factor affecting yield at Chilton in 2010. However, the particularly low yield at this location was probably also due to unusually high rainfall in Chilton at the end of July, which delayed harvest and reduced the test weight of the grain. Disease pressure was very low at Janesville in 2010. For this reason, low yield at this location was likely due to very late planting rather than to disease pressure. In addition to its negative effect on yield, we speculate that the late planting of the Janesville crop in 2010 may have limited the establishment of pathogens in the fall. In 2010, mean AUDPC values for all the foliar diseases were lowest at Janesville. At the other three locations, which were planted approximately 1 month earlier than the Janesville location, there may have been greater opportunity for pathogen establishment before the onset of winter conditions. Based on observations made during 2010 for powdery mildew, especially at Chilton, we speculate that it was very unlikely that powdery mildew established in the fall at Janesville. Further research needs to be done to determine the role of fall infection on the establishment of secondary infections in the early spring.
The application of a foliar fungicide was not found to affect grain yield at Janesville. Over the 2 years, the disease incidence and severity were fairly low at this location. This result from our fungicide work is consistent with the findings of Christ and Frank (7) and Guy et al. (15) , who observed that the greatest level of fungicide efficacy is achieved when disease severity is high (4) . Although this finding does not give specific information about fungicide control of diseases in Wisconsin, it does underscore that fungicides are likely to be most effective for disease control rather than for improving general plant health, an off-label application which has garnered recent interest.
Based on analysis of AUDPC values, powdery mildew was found to reduce grain yield of winter wheat in Wisconsin. This information indicates that growers can reduce yield loss in powdery mildew epidemic years by selecting cultivars with resistance to B. graminis. This finding also indicates that powdery mildew should be a focus of breeding for cultivars introduced in Wisconsin. The research presented here is a first step toward understanding the impact of disease on yield of winter wheat in Wisconsin. As research on winter wheat in the state continues to expand and more information is collected, it may be possible to develop disease thresholds for the cultivars most commonly planted in the state.
